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introduction

Large-area photovoltaic solar cells based on direct current (dc) magnetron sputter deposition of indium tin oxide
(ITO) onto single-crystal p-lnP substrates have demonstrated both the radiation hardness and high perlormance
necessary for extraterrestrial applications. (ref. 1) Recently, ITO/InP cells with a total area of 4 cm2 have been
delivered to NASA for flight and experimental analysis on the UoSAT-F satellite, attesting to the advancing maturity of
this technology. Although only a small number of these 4-cm 2 ITO/InP cells (approximately 10 cells total) were
fabricated for this experiment, the efficiency of the best cell (15.7% at air mass zero IAM0], NASA measurement)
compares favorably with the best result reported from a larger production of ~1300 2-cm 2 cells, in which the junction
was fabricated through a closed-ampoule diffusion process (16.6% AM0, NASA measurement), fief. 2)

Because the results mentioned above indicate that the ITO/InP technology is quickly nearing practicality, a small-
scale production project has been initiated in which approximately 50 ITO/InP cells are being produced. Through this
project, not only is a more representative assessment of the performance of large-area ITO/InP cells being
established, but the heretofore assumed advantages of production scale-up are also being tested. This larger volume
of cells has also created the opportunity to gain a better understanding of the effect of fabrication procedures on cell
performance and has allowed several recently developed process improvements to be further optimized. These
improvements include two-gun sputtering, pre-metallization plasma cleaning, and grid/metallization optimization.
Performance improvements have been achieved through these changes, resulting in cells with AM0 efficiencies of
16.1% (SERI measurement).

This paper presents and discusses the procedures used in this small-scale production of 4-cm 2 ITO/InP cells.
The discussion includes analyses of the performance range of all available production cells, and device performance
data of the best cell thus far produced. Additionally, processing experience gained from the production of these cells
is discussed, indicating other issues that may be encountered when larger-scale productions are begun.

Experimental

The materials and processes used for this small-scale production of ITO/InP cells have been developed over
many years of research and are discussed in detail elsewhere, fief, 3 & 4) However, some important process
parameters are outlined here. The single-crystal InP substrates were supplied by AT&T Microelectronics (Reading,
PA) in two different carrier concentrations of 0.5-2.0 x l 016 and 1-2 x 1017 cm-3 (Zn-doped, (100) orientation]. The
substrates were supplied polished on the fronl side and chemically etched on the back side. Except for cleaning the
sudaces in organics, no additional surface preparation was performed before back-contact metallization or ITO
deposition (i.e., junction formation). Photoluminescence measurements of these as-received substrates indicated
bulk lifetimes very similar to those of other ~2 x 1016 (Zn-doped) materials used in previous research, demonstrating
up to ~10 nsec on unpassivated surfaces.

Prior to junction formation, back-contact metallization was performed using a multistep process involving the
vacuum deposition of 120 nm ol AuBe (1 weight % Be), annealing, chemical etching, and electrochemical Au plating
(1.5 I_m). (ref. 5) The ITO deposition was performed in an ULTEK vacuum system using 2-inch planar US Guns in a
sputter-up orientation. The ITO targets were 91 molar % In203 and 9 molar % SnQ2. Earlier studies indicated that
adding a small amount of H2 to the Ar sputtering environment during ITO deposition substantially increased the open-
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circuit voltage (Voc) and fill factor (FF) of the resultant solar cell. [3] However, continued sputtering in this H2-rich

atmosphere progressively altered the target material, resulting in a poor control of the optical and electrical properties
of the ITO. Thus, to provide greater compositional control of the ITO film(s), two US Guns have been incorporated into
the vacuum system for this production. The first gun deposits ITO in an Ar/H2 atmosphere at a very slow deposition

rate (~0.01 nm sec -1). Because the optical transmission of this H2-rich ITO is poor, the thickness of this layer is limited

to 5 rim. The remaining 50 nm of ITO is deposited with a second US Gun source. This layer reduces the emitter sheet
resistance and completes the necessary thickness for the first layer of a two-layer ITO/MgF2 antireflection coating

(ARC). For this second ITO deposition, an Ar/O2/H2 ambient is used ("O2-rich" ITO); the 02 and H2 partial pressures

are adjusted to yield optimum electrical and optical properties. Both the H2-rich and the O2-rich depositions are

performed without breaking vacuum. Following deposition, enipsometry and four-point probe measurement are used
to determine the ITO thickness and sheet resistance, respectively. If the sheet resistance is found to be excessively
high (1000-40,000 QKZ;), the ITO-coated cell is placed in a Technics Planar Etch II plasma etching system and

exposed to a pure-H2 plasma. This procedure reduces the sheet resistance of the ITO to ~600-800.0./T-J while still

maintaining optical clarity. It is believed that this process removes excess 02 for the ITO, thereby creating vacancy-

generated carriers. (ref. 6)
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Figure 1. Cross-sectonal view of ITO/InP solar cell showing metallization and antireflection coatings. Note high
aspect ratio of grid line made possible by the photolithographic lift-off techniques used.
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Figure 2. Plan view of grid design used on 4 cm 2 ITO/InP solar cells. The (modeled) losses of this grid are:
Resistance ~2.8% and Shadowing ~3.3%, yielding a total grid losses ~6.1%.

After ITO deposition, top grid electrical contacts were patterned using an additive lift-off procedure involving
chlorobenzene. (ref. 7 & 8) Following photolithography, but prior to metallization, the cells were plasma cleaned in
Ar using the same Technics Planar Etch II system already mentioned. This promoted the adhesion of the the
subsequent metallization. Metallization (See Figure 1) was performed in an electron-beam vacuum system with
Cr/Pd/Ag layers of 80 rim, 40 rim, and 5 _m, respectively. (ref. 9) The top grid contact is an optimum design which, in
addition to very high aspect-ratio grid lines, utilizes tapered bus bars and fingers (See Figure 2). The grid also
included two relatively large contact pads and an interconnect between the pads, a design conforming to the
requirements of semi-automatic mounting equipment currently used in the space industry. After metallization lift off,
the active cell area was defined using photolithography and HCI chemical etching. Following cell definition, the
second layer of the ARC was formed using resistively evaporated MgF2.

As a final process step before cell measurement, a post-deposition heat treatment (PDHT) at 125°C for 30 min
was performed. This treatment increased the short-circuit current (Jsc) of the cells by ~2% without adversely affecting
other device parameters. This PDHT was necessary because the photolithographic processes used for this
production are of lower temperature (<100°C) than those used in previous research (~120°C). Thus, PDHT occurs
automatically if the photolithographic processing involves typically used temperatures. Although the PDHT does add
an additional step to the process, it also yields the opportunity to isolate and study an aspect of the ITO/InP cell
fabrication that has not been previously observed. After fabrication, the cells were characterized using quantum
efficiency measurements and light and dark current-voltage measurements using standardized methods. (ref. 10)
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Results and Discussion

The project began with 38 1-in.2 InP substrates of the low doping density range (low 1016 cm-3), and 20
substrates of the higher doping range (low 1017 cm-3). At this time, all of the 1016 cm -3 substrates have been
fabricated into solar cells, but only one cell has been fabricated for the 1017 cm -3 material. Thus, most of the results
presented here involve performance characteristics of cells made on the 1016 cm "3 material, although some
preliminary, yet insightful results from the cell made on the higher-doped material will also be discussed. Of the 38
(1016 cm-3) substrates, four were broken or damaged during back contacting procedures, one was broken during
chemical etching, and one suffered grid adhesion loss. Shown in Figure 3 and Figure 4 is the range of
demonstrated AM0 performance for the remaining 32 cells. From these data, the average cell efficiency is determined
to be 15.5%, with a standard deviation of 0.35%. The highest cell performance obtained is 16.1% AM0 (SERI
measurement). Dark I-V data analysis indicates that the cells demonstrate near-ideal characteristics, with a diode-
ideality factor and reverse-saturation current density of 1.02 and 1.1 x 10-12 mAcro "2, respectively.
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Figure 3. Histograms illustrating the AM0 (1367 Wm -2) performance parameters of the 32 4-cm 2 ITO/InP solar cells
fabricated during the small-scale production, a) Efficiency. b) Open-circuit voltage, c) Shod-circuit current density, d)
Fill factor.

As mentioned previously, the PDHT was found to increase the Jsc of the cells. However, as indicated by
quantum efficiency analysis shown in Figure 5, the effect of the PDHT is not completely beneficial. Indeed, although
during PDHT the central and short-wavelength response is enhanced, the long-wavelength response is noticeably
reduced. A plausible explanation for this is that the PDHT tends to reduce the extent of type-conversion throughout
the junction region, with the overall effect being to shift the effective depth of the sputter-formed junction nearer the
surface. This is consistent with earlier observations, in which higher-temperature heat treatments (200°C) resulted not
only in increased current density but severely reduced Voc. (ref. 11) However, in this earlier work, a reduction in the
long-wavelength QE was not observed, probably because the substrates and processes used at that time resulted in
much poorer long-wavelength response.
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Figure 4. AM0 performance characteristics ot the 32 4-cm 2 ITO/InP solar cells as a function of fabrication experience.
Note that the only performance parameter that indicates a slight progressive improvement is the Voc.

Shown in Figure 6 is the light current-voltage characteristics of one of the two best 4-cm 2 cells made on the

1016 cm -3 material, demonstrating an AM0 efficiency of 16.1% (SERI measurement). By comparing these data with

those taken from the best small-area cell produced (16.5% AM0, 0.1 cm 2, SERI measurement), (ref. 3) one notes
that the Jsc and the FF values are nearly identical. This not only suggests that the junction-formation mechanism is

spatially very uniform, but also that the grid design/metallization are nearly optimal for this 4-cm 2 cell. Only Voc is lower

(by ~10-20 mY) than that previously measured on best smaller ITO/InP cells made from previously used bulk material.
At present, the reason for this is not apparent. Past observations from these ITO/InP cells have indicated a trend of
decreasing Voc with increasing substrate doping (i.e., increasing NA). (ref. 3 & 12) However, the recent results from

the cell fabricated on the1017 cm-3 substrate, as discussed below, indicate that the substrates and processes used

for this production demonstrate the opposite (but more classical) behavior of increasing Voc with increasing substrate

doping.

Although the efficiency spread of the cells made on the 1016 cm -3 substrates is quite small, it should be noted

that several process-related aspects strongly affected the measured performance of the individual cells. Perhaps the
most important of these is the amount of time during which the cell is exposed to air between ITO and MgF 2

deposition. Indeed, a cell will degrade by up to ~5 mV per week if it is not capped with MgF2. A possible explanation

for this is that the sputtered ITO is believed to be relatively porous, allowing 02 diffusion and subsequent reaction at

the emitter/ITO interface. Here, the 02 may neutralize the passivating effect of the H2. The evaporated MgF2,

however, may be much less porous, reducing 02 diffusion. Other parameters that were initially difficult to control were
the sheet resistance, transparency, and thickness of the ITO. As observed in earlier work, care must be taken to

maintain an optimum combination of electrical and optical properties of the ITO as the sputtering source erodes.
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Although this can be accomplished through small adjustments in the O2/H2 ratio of the sputtering ambient of the 02-
rich ITO layer, considerable variation is still observed. Luckily, the effects of this problem (FF reduction) were virtually
eliminated once the post-deposition H2 plasma exposure procedure was developed and implemented. The final area
of noted weakness in device fabrication was the back contacting procedure. It was during this part of cell production
that the majority of cell breakage occurred. The underlying reason for this appears to be that, although the two-step
back metallization procedure gives a reliably low-resistance ohmic contact, it involves many steps in which the
substrate is physically handled (e.g., during wax mounting, chemical etching, annealing, etc.). Because most of this
handling results from the requirement to remove the BeO that forms during sintering, (ref. 5) it has been suggested
that other contacting procedures could be developed that would make use of either different metals and/or entirely in-
vacuo process techniques.
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Figure 5. Extemal quantum efficiency of a 4-cm2 ITO/InP cell produced on 1016 cm"3 substrate material, a) ITO only.
b) ITO/MgF2. c) ITO/MgF2 after post-deposition heat treatment.
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As mentioned previously, 20 substrates with a higher doping density of 1-2 x 1017 cm -3 were supplied by AT&T
Microelectronics. Because earlier research had indicated that the best cell performance has always been achieved on

1016 cm -3 material, only a single device has thus far been fabricated on the 1017 cm -3 material. Although it was

thought that the performance of this device would, as in the past, be much poorer than that of the1016 cm-3 material

(due to reduced Voc and Jsc), Figure 7 shows the surprising result that an efficiency of 15.8% AM0 (SERI

measurement) was achieved. Perhaps the most noteworthy fetaure of this result is that, instead of a reduced Voc, as

was always observed in past research, the Voc is 12 mV higher than than that from the best of the 32 cells made from

the 1016 cm-3 material (nearly 20 mV greater than the average Voc measured for the 32 cells). However, because the

long-wavelength portion of the QE is reduced, the Jsc of this cell is -3% lower than that of cells made on the 1016 cm-

3 material. Presently, studies are ongoing to determine if the grid design can be modified to function without the

benefits of the ITO (lower sheet and contact resistance). If this can be done, better optical matching of the ARC may
be possible. For example, if a material such as ZnS replaces the ITO, modeling studies indicate that the Jsc of these

(1017 cm-3) cells would increase to ~33.8 mAcm "2. If this can be done while maintaining current values of FF and Voc,

than the efficiency would increase from 15.8% to 16.3% AM0. In addition, because the ZnS is less absorbing than

the ITO, modeling results also suggest that Jsc values up to 36.5 mAcro "2 may be possible (assuming 4% shadow

loss); this would result in a cell with an elficiency of ~17.7% AM0. Finally, because these large-area cell results
indicate that the junction formation is relatively insensitive to surface irregularities, investigations are ongoing in
collaboration with researchers at NASA Lewis Research Center to determine what effects deliberate surface texturing
(V-Groove) may have on the junction parameters (ref. 13). If these parameters are insensitive to texturing, further
increases in current collection may be possible.
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Conclusions

This project has demonstrated that the sputtering process used to form small-area ITO/InP solar cells can readily
be scaled to produce large-area (4-cm 2) devices. These large-area cells demonstrate nearly identical performance to
similar small-area cells, suggesting that the spatial independence of the junction-formation mechanism may be
exploited further to productions involving larger batches. These results also suggest that this method of junction
fabrication is not as sensitive to the same predeposition surface irregularities, which tend to have devastating effects in
other solar cell technologies. The highest resultant solar cell efficiency from the 32 cells produced on substrate
material doped 0.5-2.0 x 1016 cm-3 is 16.1% AM0 (SERI measurement), which is comparable to the highest efficiency
reported from another production method using closed-ampoule diffusion. Additionally, because the sputter-
deposition technology can be configured for in-line (rather than only batch) production modes, this process may
possess additional economic advantages. Finally, since the substrates used for this production were acquired from a
US supplier, this technique represents a completely US-based technology for manufacturing radiation-hard solar cells.
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